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Abstract 
We propose an accelerometer using complementary metal oxide semiconductor (CMOS) structure, the output of which is kept 
constant by force balance system. The gate of MOSFET is floated mechanically. As an air gap distance between the floating gate 
and gate oxide of MOSFET is changed, CMOS output changes. A proof mass made of permanent magnet is appended to the 
floating gate, which is kept at initial position by controlled magnetic field. Therefore, this sensor can detect acceleration from
change in current of a planar coil, which generates the magnetic field. A basic design of this sensor, such as necessary turn 
number of planar coil for force balance, is investigated by finite element method (FEM) simulation. This accelerometer can be 
fabricated by surface micromachining process. The gate electrode is suspended by a floating beam made of Parylene. The magnet 
and planar coil are fabricated by micro-electrocasting method. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Capacitive sensors are widely used for pressure sensor [1], accelerometer [2], tactile sensor [3], etc. This type 
sensor has two electrodes, one is fixed and another is movable, and detects the displacement of movable electrode 
from change of electrode charge. Since the displacement must be changeable, gaseous materials such as air or 
vacuum are used as dielectric material between two electrodes. Sensitivity of this sensor is limited by low dielectric 
constant of these materials. Therefore, large area of electrode must be used in order to increase sensitivity: however, 
this increases the device size, which may lower space efficiency, cost efficiency, and yield of fabrication. To 
overcome these circumstances, adding amplifying function to the device is one solution. Capacitive MOSFET 
sensor is one of this type [4]. FET (Metal-Oxide-Semiconductor Field Effective Transistor) is the device to control 
the current using charge accumulating effect of gate insulator, which is similar function of capacitor. Therefore, if 
the gate electrode is made movable by using air as gate insulator, MOSFET itself can be used as a capacitive sensor. 
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This MOSFET sensor can detect the displacement of movable gate electrode from change of drain current, and it is 
noted that this current can be amplified electrically by adding the voltage to the gate.  
Because of these backgrounds, we have previously proposed an accelerometer which is developed by applying the 
capacitive MOSFET sensor [5]. Since this sensor amplifies output signal itself, its does not require additional 
amplifier and compensator circuit, which improves spatial and cost efficiency. However, this accelerometer has two 
problems. One problem is that movable range of gate is limited to the initial air gap. To cope with this, if the air gap 
is increased, then the sensitivity of the capacitance sensor is degraded. Another problem is that the drain current 
becomes unstable because the state of charging up of gate oxide is changed due to the change in the air gap. 
To solve this problem, we propose a novel accelerometer using force balance system. The movable gate electrode 
is balanced at default position by controlled force which compensates the applied external force. Figure 1 shows 
cross section and circuit diagram of proposed accelerometer, which is electrically equal to CMOS inverter. When 
acceleration is not applied, air gap distances of two MOSFETs are same, and output voltage is kept to Vdd/2. If 
controlled force is not applied, a proof mass made of permanent magnet on the gate of n-MOSFET is displaced due 
to applied acceleration, making the output voltage change. In this study, the magnetic force is applied from a planar 
coil to the floating magnet to keep the output voltage as Vdd/2. Applied acceleration can be sensed by monitoring the 
applied current to the planar coil. The state of charging up of gate oxide is kept as the same condition since the gate 
is kept at the same height, which hardly affect on the output voltage of the circuit (see Fig. 1(b)). 
Fig. 1. (a) Cross-section and (b) equivalent circuit of proposed accelerometer. When acceleration is applied to this sensor, proof mass on gate 
electrode of n-MOSFET tries to displace, and output of the circuit changes from initial value (Vdd/2). Then, current flows in planar coil at n-
MOSFET generate magnetic field and brings proof mass back to initial position. As a result, applied acceleration can be detected using the 
current of coil.  
2. Simulation And Experimental Result 
2.1. FEM Simulation of magnetic force applied to proof mass 
Force applied to the floating magnet to control its position by magnetic field is simulated by using 2-dimensional 
finite element method (FEM). Figure 2 shows cross-section of simulated model, in which length of the mass is 
assumed to be 50 μm. Here, it is assumed that the proof mass is made of iron (Fe). Weight of the mass is 1.97u10-9
kg because density of Fe is 7.84u103 kg/m3. Therefore, acceleration of 1 g (g: gravitational acceleration=9.8 m/s2) is 
applied, force of 1.93u10-8 N is applied to the mass. Turn number of the coil differs from each simulation. Figure 3 
shows an example of simulated magnetic field. Current dependence of magnetic force applied to the mass is shown 
in Fig. 4(a). Looking at the result shown in Fig. 4(a), a current of approximately 1 mA is necessary to keep the 
position of magnet when acceleration of 1 g is applied under the condition that the turn number of coil is one. Figure 
5 shows magnetic force applied to the floating magnet versus turn number of planar coil when current is 1 A. As 
shown in Fig. 4(b), the magnetic force applied to the mass increases with turn number of the coil. On the other hand, 
the electrical power consumption, however, increases with turn number of the coil as shown in Fig. 4(c), because 
overall coil length becomes longer according to its turn number. As a result, its electrical power efficiency becomes 
maximum (approximately 3.3 N/W) when the turn number is 4. 
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Fig. 2. Simulated model. Here, μr, Hc, and Br of magnet are 5000, 80 A/m, and 1 T, respectively. Resistivity of planar coil is 1.68u10-8 :•m.  
Fig. 3. Magnetic field around floating magnet (a) when current does not flow, and (b) when 1 A of current flows in one turn coil
(simulation results).  
Fig. 4. Results of FEM simulation. (a) Magnetic field applied to magnet versus current in planar coil. (b) Magnetic force applied to the floating 
magnet versus turn number of planar coil when current is 1 A. (c) Electrical power and power consumption of planar coil versus turn number of 
planar coil 
2.2. Fabrication of accelerometer and proof mass 
Figure 5 shows fabrication process of the proposed accelerometer. In this process, the magnet and planar coil are 
fabricated by micro-electrocasting method. Both planar coil and proof mass are fabricated by using electrocasting 
method. However these can not be fabricated at the same time because the planar coil must be made of paramagnetic 
metal such as Cu. A seed metal layer for electrocasting should be deposited by using not evaporation but sputtering 
because an evaporated seed metal easily removes from a parylene underlayer after fabricating a proof mass on the 
seed metal. Figure 6 shows a fabricated result of magnet made of Fe. However, it is note that fabricated Fe mass is 
lower than ideal mass used in the simulations. Fabrication of the ideally-shaped proof mass integrated on the 
proposed accelerometer is future task. 
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Fig. 5. SEM image of fabricated proof mass made of Fe by using micro-electrocasting method. Size of the mass is 400 u 300 u t30 μm. 
Fig. 6. SEM image of fabricated proof mass made of Fe by using micro-electrocasting method. Size of the mass is 400 u 300 u t30 μm. 
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